Graphical Abstract Highlights d Mutation of Arc ubiquitination sites slows Arc degradation d Arc knockin mice have enhanced mGluR-LTD d The persistence of Arc reduces cognitive flexibility
INTRODUCTION
The activity-regulated protein Arc/Arg3.1 (Arc) is essential for spatial memory acquisition and consolidation (Bramham et al., 2008; Guzowski et al., 1999; Lyford et al., 1995; Plath et al., 2006) . Arc is required for protein-synthesis-dependent synaptic plasticity related to learning and memory, making it one of the key molecular players in cognition (Park et al., 2008; Shepherd and Bear, 2011; Waung et al., 2008) . Arc protein expression is highly dynamic: increasing and then rapidly declining following increased network activity or exposure to a novel environment (Guzowski et al., 1999; Ramírez-Amaya et al., 2005) . Retrieval of a memory also induces Arc expression which then rapidly decays (Nakayama et al., 2015; Ramírez-Amaya et al., 2005) . The regulation of Arc protein induction occurs at the level of mRNA transcription, mRNA trafficking, and protein translation (Korb and Finkbeiner, 2011) . Although the importance of Arc induction is clear, the role of Arc protein degradation in synaptic plasticity and learning-related behaviors is still unknown.
To determine the importance of Arc removal, we generated a mutant mouse line (ArcKR) in which ubiquitin-dependent degradation of Arc is disabled. We show that ArcKR mice display impaired cognitive flexibility that is coupled with elevated levels of Arc protein expression, a reduced threshold to induce mGluR-LTD, and enhanced mGluR-LTD. We further show that behavioral training alters Arc mRNA expression and modulates the magnitude of mGluR-LTD.
RESULTS

Ubiquitin-Dependent Turnover of Arc Alters AMPA Receptor Trafficking
Arc promotes AMPA receptor (AMPAR) endocytosis following activation of group I mGluRs with the agonist DHPG (Waung et al., 2008) . This effect is reduced by overexpression of Triad3A/RNF216, which targets Arc for degradation. Conversely, Triad3A/RNF216 depletion increases Arc levels, thus enhancing AMPAR endocytosis . We recorded mEPSCs in neurons expressing short hairpin RNA (shRNA) directed against Triad3A/RNF216 ( Figure S1A ). Depletion of Triad3A/ RNF216 significantly (p = 0.026, Figure S1A ) enhanced DHPGdependent reduction in AMPAR-mediated mEPSC amplitude within 2-3 min compared to neurons expressing a scrambled shRNA.
Triad3A/RNF216 and Ube3A E3 ligases ubiquitinate Arc on lysines 268 and 269, targeting Arc for proteasome-mediated degradation (Greer et al., 2010; Mabb et al., 2014a) . To confirm that ubiquitination of Arc modulates surface AMPAR expression, we transfected hippocampal neurons with either Arc-WT, Arc-2KR (K268/269R), or Arc-5KR (K55/136/268/269/293R) and then stained for the surface AMPAR subunit, GluA1 ( Figure S1B ). Overexpression of the Arc-KR mutants (Arc-2KR or Arc-5KR) had comparable effects, both producing a greater decrease in surface GluA1 expression compared to Arc-WT. Thus, a reduction in Arc protein degradation enhances GluA1 internalization ( Figure S1C ) and suggests that expression of a degradationresistant Arc protein would augment AMPAR endocytosis in vivo.
Enhanced mGluR-LTD in the Hippocampus of ArcKR Mice
We next created an Arc knockin mouse (ArcKR) where lysine 268 and 269 were mutated to arginine to prevent Arc ubiquitination (Figures S2A and S2B) . ArcKR mice were born with expected Mendelian ratios, with no differences in mortality rate or in weight of heterozygous or homozygous Arc KR/KR (ArcKR) mice compared to Arc +/+ (WT) littermates. There were no significant differences in the expression of various scaffold proteins, NMDA receptors, or AMPAR subunits in synaptosomes (Figures S2C and S2D) . Expression levels of mGluR1/5 and Arc protein were similar in WT and ArcKR mice as was Arc mRNA (Figures S2C-S2F). To confirm that proteasome-mediated turnover of Arc was impaired, we monitored Arc protein levels following addition of DHPG (100 mM, 10 min), which induces Arc translation and ubiquitination (Klein et al., 2015; Waung et al., 2008) . In WT neurons, addition of DHPG increased Arc protein, peaking at 120 min post-induction and decaying near baseline levels at 480 min ( Figure 1A ). Addition of DHPG to ArcKR hippocampal neurons resulted in persistent Arc protein elevation (Figures 1A and 1B) . To measure Arc degradation, we applied the protein synthesis inhibitor anisomycin after DHPG to halt Arc protein synthesis. In WT neurons, Arc levels were reduced after anisomycin treatment ( Figure 1C ), consistent with rapid Arc degradation. In contrast, this decline was significantly blunted in ArcKR neurons ( Figure 1D ), demonstrating the importance of proteasomal degradation in limiting the half-life of Arc protein. We have demonstrated that Arc ubiquitination via K48 linkages could be elicited by pilocarpine-induced seizures in vivo . Pilocarpine-induced seizures in WT mice resulted in an increase in K48-linked Arc ubiquitination, an effect that was attenuated in ArcKR mice ( Figure 1E ).
Consistent with the reduced surface expression of GluA1, we observed increased GluA1 endocytosis in ArcKR neurons treated with DHPG using a high-content AMPA receptor trafficking assay (Figures 1F and 1G) . Intriguingly, we found a significant increase in the surface expression of the GluA2 subunit in ArcKR neurons, at short time points, indicating a potential receptor subunit replacement ( Figures 1H and 1I ). These findings support our previous observation that overexpression of ArcWT in hippocampal neurons increases the rectification index of AMPAR-mediated miniature-EPSC amplitude, indicating an increase in the proportion of AMPARcontaining GluA2 subunits (DaSilva et al., 2016; Wall and Corrê a, 2018) .
Given the increase in GluA1-containing AMPAR endocytosis rates, we speculated that mGluR-LTD would be enhanced, as this form of plasticity requires Arc-dependent AMPAR internalization (Park et al., 2008; Waung et al., 2008) . Basal synaptic transmission and synaptic plasticity were measured in hippocampal slices from ArcKR and WT littermates. ArcKR mice had unaltered basal synaptic transmission: no significant (p > 0.05) change in paired-pulse facilitation (Figure 2A ), input-output relationship ( Figure 2B ), or ratio of fEPSP slope to volley amplitude ( Figure 2B , inset). Thus, under basal conditions, Arc ubiquitination has little effect on synaptic AMPAR expression consistent with no changes in protein and mRNA expression (Figures S2C, S2D, and S2F) . To investigate the role of Arc degradation in synaptic plasticity, we induced mGluR-LTD with DHPG (100 mM, 10 min) in hippocampal slices from ArcKR and WT littermates. We observed no significant difference between genotypes (p = 0.29) when DHPG was present. However, LTD was significantly enhanced in ArcKR mice (55-60 min after DHPG washout, Figures 2C and 2D ). To test whether the threshold to induce LTD is reduced in ArcKR slices, we applied a lower concentration of DHPG (50 mM, 10 min). This lower concentration of DHPG was insufficient to induce LTD in WT mice but was sufficient to induce LTD in slices from ArcKR mice (Figures 2E and 2F) . Thus, reduction of Arc ubiquitination reduces the threshold to induce LTD and enhances the magnitude of mGluR-LTD.
ArcKR Mice Exhibit Cognitive Inflexibility and Reduced Threshold to Induce mGluR-LTD
We considered whether ArcKR mice displayed behavioral deficits. WT and ArcKR mice had no overt motor abnormalities, similar anxiety levels (Figures S3A-S3F) and recognition memory ( Figures S3G-S3I ).
We next explored the role of Arc ubiquitination in hippocampal-dependent spatial learning by using a modified Barnes maze . Mice were tested for 21 consecutive days to test acquisition, consolidation, and expression phases of learning (days 1-15). On day 16, the platform was rotated 180 , requiring the mice to learn a new location for the exit hole ( Figure S4A ). No differences were observed in spatial acquisition during days 1-15 ( Figures 3A and 3B ). Following 180 rotation of the exit hole on day 16, there was no significant difference in distance traveled ( Figure 3A) , but there was a significantly higher number of errors ( Figure 3B , reversal, p = 0.02) and selective perseverance bias ( Figure 3C , p = 0.05) in ArcKR mice during the reversal phase (days 16-21). However, there was no difference in quadrant bias ratios during the acquisition phase (Figure 3C) . This suggests that ArcKR mice show impairments in performing the task specifically during reversal learning. We next examined the strategy used to search for the maze exit hole (Figure 3D;  Figure S4B ). Both WT and ArcKR mice showed a similar shift from a combination of random and serial strategies to a spatial search strategy (days 1-15; Figure 3D ). However, when the maze exit was rotated 180 (reversal learning), there were Figure S4C ). However, in subsequent days, WT mice replaced random and serial for a spatial search strategy (as observed for the training before reversal). In contrast, ArcKR mice only employed a serial search strategy on days 17-19 (2-3 days following reversal), before utilizing a combination of strategies on days 20 and 21 (Figures 3D and 3E; Figure S4C ). Taken together, ArcKR mice are unable to reuse strategic approaches previously acquired during task learning, suggesting cognitive inflexibility. 
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(A) Mean paired-pulse ratio against paired-pulse interval for WT (n = 12 slices) and ArcKR mice (n = 10 slices). Inset: representative traces at an interval of 50 ms from WT and ArcKR littermates. (B) Mean fEPSP slope against stimulus strength for WT (n = 9 slices) and ArcKR mice (n = 10 slices) with examples of superimposed averaged fEPSPs at different stimulus strengths. Inset: ratio of fEPSP slope versus volley amplitude at 40% of the stimulus strength that gives the maximum fEPSP slope (n = 6 slices per genotype). (C) Normalized mean fEPSP slope against time for WT and ArcKR mice. After a 20 min baseline, DHPG (100 mM) was applied for 10 min and then washed out for 1 hr. Baseline fEPSP slope was analyzed at 15-20 min and LTD was analyzed at 55-60 min after DHPG application (fEPSP slope was significantly reduced following DHPG, ArcKR, p = 0.00016; WT, p = 0.00013, fEPSPs were not normalized). LTD was significantly enhanced in ArcKR slices versus WT littermates (WT: 74.3% ± 3%, n = 5 animals, 9 slices; ArcKR: 49.5% ± 4.3%, 5 mice, 12 slices, p = 0.0004, fEPSPs were normalized to baseline). fEPSP traces (averages of 10 fEPSPs) were taken at the times indicated by the numerals in the plot below. (D) Mean percentage reduction in fEPSP slope (LTD) between 55 to 60 min after DHPG application (p = 0.015). (E) Normalized mean fEPSP slope against time for WT and ArcKR mice. Slices were treated as in (C). In ArcKR slices, fEPSP slope was significantly reduced after 55-60 min of 50 mM DHPG application (p = 0.0046) but was not significantly (p = 0.41) reduced in WT slices (fEPSPs were not normalized). fEPSP traces (averages of 10 fEPSPs) were taken at the numerals in the lower plot. (F) LTD was not induced in WT mice by 50 mM DHPG (reduction in slope 1.8% ± 7.7%, n = 3 mice, 5 slices) but was induced in ArcKR littermates (reduction 28% ± 11%, 3 mice, 5 slices, p = 0.04). Values represent mean ± SEM. Statistical comparisons were carried out with one-way ANOVA, paired and unpaired Student's t tests.
Reversal Learning Training Impacts on mGluR-LTD
To address whether training of a spatialdependent task (Barnes maze) had an impact on Arc expression and subsequent hippocampal synaptic plasticity, we used hippocampi of trained WT and ArcKR littermates to either measure Arc mRNA and protein expression or to measure mGluR-LTD. Compared to WT, we observed a significantly larger decrease in the fEPSP slope during DHPG application in slices from trained ArcKR mice (p < 0.001, Figure 3F ), and the expression of LTD was significantly increased in ArcKR slices (Figures 3F) . Consistent with the enhanced decrease in the amplitude of fEPSPs during DHPG application, the levels of Arc protein were also significantly increased in hippocampal lysates obtained from ArcKR, but not from WT mice ( Figure S4D ). Barnes maze training of WT and ArcKR mice for 15 days resulted in a significant reduction in Arc mRNA ( Figure 3G ) with no change in Grm5 mRNA levels ( Figure 3H ) compared to the first day of training. This expression was not different between WT and ArcKR mice, indicating that Arc mRNA dynamics are not altered during spatial learning as has been observed in other Arc transgenic mouse models ( Figure 3G ) (Steward et al., 2018) . Intriguingly, we found that reversal learning led to an increase in Arc mRNA in ArcKR mice, suggesting delayed dynamics in Arc mRNA induction that mirrored the learning deficits in ArcKR mice during reversal learning ( Figures 3D and 3G) .
To determine the effect that Barnes maze training on basal synaptic transmission and mGluR-LTD, we recorded interleaved slices from trained and naive WT and ArcKR littermates ( Figure 4) . Training had no effect on basal synaptic transmission in either WT or ArcKR mice ( Figure 4A ). However, training significantly reduced mGluR-LTD in both trained genotypes (Figures 4B and 4C) . This reduction was not presynaptic (no change in paired-pulse ratios prior to and after DHPG application in trained versus naive mice, Figure 4 ). In ArcKR-trained slices, there was a decrease in fEPSP amplitude during DHPG application, an observation that was not seen in WT mice ( Figure 4B and 4C). These findings suggest that the temporal dynamics of Arc protein expression, induced by behavioral training, modulates subsequent mGluR-LTD.
DISCUSSION
Arc protein expression is exquisitely regulated by neuronal activity. Here we have determined the functional consequences of modifying the temporal profile of Arc expression. Using a novel mouse (ArcKR) we showed: (1) mGluR1/5-dependent induction of Arc protein enhances GluA1-containing AMPAR endocytosis;
(2) enhanced mGluR-LTD and a reduced threshold to induce LTD; (3) deficits in selecting strategies to perform the reversal of a spatial learned task that is coupled to the changes in LTD; and (4) increased Arc mRNA expression is associated with reversal learning.
Previous studies have linked alterations of mGluR-LTD to changes in spatial learning and task reversal Mills et al., 2014; Xu et al., 2009) . Since deficits in mGluR-LTD are associated with impairment of the acquisition/ consolidation of spatial learning and poor performance with task reversal Mé nard and Quirion, 2012; Xu et al., 2009) , it might be predicted that ArcKR mice, which show enhanced mGluR-LTD, would exhibit improved spatial learning. However, this was not the case, with ArcKR mice showing specific defects in reversal learning strategies. Instead of using a combination of random, serial, and spatial strategies, as observed in WT, ArcKR mice relied primarily on a serial strategy resulting in more errors during task reversal. These mice are unable to engage multiple strategic approaches and thus lack the cognitive flexibility required to efficiently complete the task.
How does the enhancement of LTD lead to specific cognitive deficits? During reversal learning, memories of the previously learned task are updated as new memories are acquired (McKenzie and Eichenbaum, 2011) . Neural representation of such memory updating requires a precise balance between synaptic depression and potentiation (Takeuchi et al., 2013) . If the amplitude of the depression is too high (i.e., enhanced LTD) or occurs too early (due to a lower threshold), this might delay or prevent the acquisition of new memories. Conversely, if LTD is impaired, this could prevent the updating of memories acquired during the acquisition phase, interfering with task reversal. Intriguingly, defects in these forms of plasticity are observed in neurological disease models, which are associated with elevated levels of Arc, (e.g., Fragile X syndrome, Angelman syndrome, and Alzheimer's disease) (Auerbach and Bear, 2010; Greer et al., 2010; Megill et al., 2015; Pastuzyn and Shepherd, 2017; Wu et al., 2011) . Thus, an optimal balance of protein translation, synthesis, and turnover is required for the correct expression of mGluR-LTD and learning behavior (Citri et al., 2009; Hou et al., 2006; Klein et al., 2015) .
The degree of inhibition produced by low concentrations of DHPG (50 mM) was the same in both genotypes, suggesting similar activation of mGluRs and downstream pathways, but LTD was only produced in ArcKR slices. It seems likely that Arc is degraded in WT mice and does not reach a sufficient concentration to induce LTD, whereas in ArcKR mice, Arc persists, and thus induces LTD. The amplitude of mGluR-LTD is enhanced in ArcKR mice and has a postsynaptic origin, as there were no changes in paired-pulse facilitation. This is further supported by an increased internalization of the GluA1-containing AMPAR subunit in ArcKR neurons after DHPG exposure ( Figures 1F-1I ). Corroborating this hypothesis is the observation that there is a significant reduction in the rectification index of AMPARmediated mEPSC amplitude in neurons overexpressing Arc, indicating a reduction in the number of GluA1-containing AMPAR subunits at synapses (DaSilva et al., 2016; Wall and Corrê a, 2018) .
There were no changes in Arc protein or Arc mRNA levels between genotypes under basal conditions (Figures S2C, S2D , and S2F), consistent with the lack of differences in basal synaptic transmission (Figures 2A and 2B ). Similar to previous reports (Guzowski et al., 2001) , we found that prolonged behavioral (E) Average frequency of strategy used in (D). Two-way ANOVA, post hoc Fisher's LSD, *p % 0.05, **p % 0.005. (F) Normalized mean fEPSP slope against time for Barnes maze trained WT and ArcKR mice. Baseline fEPSP slope was analyzed at 15-20 min, LTD induction was analyzed at 0-5 min after DHPG and LTD expression analyzed at 55-60 min after DHPG application. Both LTD induction (**p < 0.001) and expression (WT: 78.8% ± 4.4%, n = 3, 5 slices; ArcKR: 58.1% ± 4.9%, n = 3, 7 slices, p = 0.0003) were significantly enhanced in trained ArcKR compared to WT mice. Top: representative fEPSP traces (averages of 10 fEPSPs) at the times indicated (1, 15-20 min and 2, 75-80 min). (G) Comparison of hippocampal Arc mRNA after 1, 15, or 21 days of training in the Barnes maze. Arc mRNA was normalized to the geometric mean of 2 genes (GAPDH and GPI) and Arc in the mouse with the highest expression after 1 day of training was set to 1 for the WT mice. Each data point represents triplicate measurements from an individual mouse. (WT 1day: n = 5; WT 15 days: n = 5; WT 21 days: n = 4; ArcKR 1 day: n = 6; ArcKR 15 days: n = 7; ArcKR 21 days: n = 5). *p = 0.07, **p = 0.025, ***p = 0.001. (H) Grm5 mRNA in WT and ArcKR mice after training. Values represent mean ± SEM. Statistical comparisons were carried out with one-way ANOVA, paired and unpaired Student's t tests.
training reduced Arc mRNA levels ( Figure 3G) , although there were no changes in Arc protein expression ( Figure S4E ). This may reflect a fall in transcription rate, a loss of mRNA, or the slow degradation of protein. Following completion of the reversal task, there was a significant increase in Arc mRNA and Arc protein in ArcKR mice ( Figure 3G; Figure S4E ). Interestingly, the amplitude of LTD was reduced in both WT and ArcKR mice following behavioral training when compared to naive littermates ( Figures 4B and 4C ). This did not appear to be a consequence of changes in Grm5 mRNA expression. The mechanism for this reduction in LTD is unclear but is likely postsynaptic, as no plotted against paired pulse interval for WT (untrained n = 8 slices; trained n = 10 slices) and ArcKR mice (untrained n = 8 slices; trained n = 10 slices). Bottom panels: graphs plotting mean fEPSP slope against stimulus strength for WT (untrained n = 6 slices; trained n = 7 slices) and ArcKR mice (untrained n = 6 slices; trained n = 8 slices). (B and C) Normalized mean fEPSP slope against time for WT (trained versus untrained) and ArcKR (trained versus untrained) mice. In WT and ArcKR mice, reversal learning significantly reduced mGluR-LTD (WT, reduction in fEPSP slope: untrained mice 39% ± 3.6%, n = 3, 7 slices; trained mice 21.3% ± 3.5%, n = 3, 6 slices, p = 0.0017; ArcKR, reduction in fEPSP slope untrained 59.9% ± 3.6%, n = 3, 7 slices; trained 47.3% ± 1.8%, n = 3, 6 slices, p = 3.9 3 10 À13 ). Inset graphs: mean PPR plotted against paired-pulse interval for WT (untrained n = 8 slices; trained n = 10 slices) and ArcKR mice (untrained n = 8 slices; trained n = 10 slices) following LTD. Inset: traces at an interval of 20 ms from WT and ArcKR littermates. Values represent mean ± SEM. Statistical comparisons were carried out with a one-way ANOVA, paired and unpaired Student's t tests.
changes in paired pulse ratios were observed ( Figures 4B and 4C) . A possible explanation is that the increased expression of Arc, induced during the reversal task, partially occludes subsequent depression through a feedback mechanism that reduces induction of Arc or altered signaling pathways downstream of Arc.
Although Arc ubiquitination was attenuated in ArcKR mice ( Figure 1E ), there was no accumulation of Arc protein in vivo ( Figure S4E ). This suggests that this Arc ubiquitination pathway is not utilized as frequently during early stages of development. Alternatively, additional pathways might ubiquitinate Arc earlier in life and during specific phases of learning. Indeed, following stimulation of N-methyl-Daspartate receptors, another unknown E3 ubiquitin ligase has been proposed to ubiquitinate Arc at an alternative lysine site, K136, leading to Arc degradation by the ubiquitin proteasome pathway (Gozdz et al., 2017; Mabb and Ehlers, 2018) . However, this does not appear to be involved in AMPAR endocytosis as mutation of this site in addition to K268 and K269 did not further alter AMPAR internalization (Figures S1B and S1C ). An alternative interpretation is that the lysosome-dependent pathway regulates Arc degradation (Nixon and Cataldo, 1995) .
Recent findings suggest that Arc protein and mRNA undergo self-intercellular transfer by assembling into virus-like capsids.
This mechanism may require exosome secretion from one neuron and endocytic uptake by another (Ashley et al., 2018; Pastuzyn et al., 2018) . A possible explanation for the moderate accumulation of Arc protein in ArcKR mice is that Arc ubiquitination participates in this transfer process. Evidence to support this hypothesis is highlighted by our recent findings demonstrating that the E3 ubiquitin ligase for Arc, Triad3A/RNF216 is enriched at clathrin-coated pits (CCPs), regions that participate in the endocytosis of cargo molecules. Recently, a point mutation in Arc (W197A) was shown to enhance binding to Triad3A but decrease interactions with AP-2 and dynamin (DaSilva et al., 2016) . These findings suggest another functional role for Arc/ Triad3A interaction. Further evidence supporting these findings is that expression of the ArcKR mutant stays longer at the plasma membrane but rarely overlaps with CCPs, suggesting that Triad3A-dependent ubiquitination might couple Arc to endocytic regions .
Our results reveal that disruption in the degradation of a single protein, Arc, is sufficient to enhance mGluR-LTD resulting in deficits in reversal learning strategy. Thus, manipulation of Arc longevity may be a strategy to restore synaptic plasticity defects in neurological disorders where Arc protein dynamics are disrupted.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: mice were treated in accordance with the Animal Welfare and Ethics Committee (AWERB) and experiments were performed under the appropriated project licenses with local and national ethical approval. Samples sizes for behavioral and slice experiments were calculated using variance from previous experiments to indicate power, which statistical analysis significance was set at 95%. Primary neuron culture, pilocarpine seizure experiments, and isolation of brain tissue for biochemical experiments were approved by the Georgia State University Institutional Animal Care and Use Committee.
Generation of Arc knockin mice
Arc knockin mice were produced by the ingenious targeting laboratory (Ronkonkoma, NY). Gene targeting was performed in iTL IC1 (C57BL/6) ES cells to introduce 2 point mutations within Exon 1 of the Arc gene. When encoded, the introduction of these point mutations leads to a substitution of Lysine to Arginine in positions 268 and 269, sites that were previously identified as being ubiquitinated by Triad3A and Ube3a (Greer et al., 2010; Mabb et al., 2014a) . ES cells were screened and positive clones were microinjected into BALB/c blastocysts and transferred to pseudopregnant female mice. Resulting chimeras with a high percentage black coat color were mated to C57BL/6 FLP mice to remove the Neo cassette, and backcrossed five times to C57/BL6 mice. Arc +/+ (WT) were distinguished from Arc KR/KR (ArcKR) homozygous mice by genotyping for the presence of the one remaining FRT site after Neo deletion using the following primer sets: ARC-KI-NDEL1: 5 0 -cttattggagtatgtgccatttctc-3 0 (Primer 1) and ARC-KI-NDEL2: 5 0 -cattgaccctgtctc cagattc-3 0 (Primer 2) where the wild-type band size is 291 base pairs and the knockin band size is 355 base pairs.
Primary neuron culture and cell treatment Primary hippocampal neurons of mixed sex were isolated from P0-1 mice as previously described (Corrê a et al., 2009) . To assess Arc levels following mGluR-LTD, DIV12 -14 primary hippocampal neurons were pre-treated with 2 mM TTX (Tocris) for 4 hr. TTX was washed out and 100 mm (S)-3,5-dihydroxyphenylglycine (DHPG, Tocris) was applied for a total of 10 min. Cells were harvested 45 min later following DHPG washout. To block protein synthesis of Arc, 20 mM anisomycin (Sigma) was added at the 45 min time point and cells were harvested 30, 60, and 120 min later. The primary cortical neuron culture protocol was based on (Shepherd et al., 2006) . Cortices of mixed sex were dissected from E18 rat embryos. Cortices were dissociated in DNase (0.01%; Sigma-Aldrich) and papain (0.067%; Worthington Biochemicals), then triturated with a fire-polished glass pipette to obtain a single-cell suspension. Cells were pelleted at 1000xg for 4 min, the supernatant removed, and cells resuspended and counted with a TC-20 cell counter (Bio-Rad). Neurons were plated on glass coverslips (Carolina Biological Supply, Burlington, NC) coated with poly-l-lysine (0.2 mg/mL; Sigma-Aldrich) in 12-well plates (Greiner Bio-One) at 100,000 cells/mL. Neurons were initially plated in Neurobasal media containing 5% horse serum, 2% GlutaMAX, 2% B-27, and 1% penicillin/streptomycin (Thermo Fisher Scientific) in a 37 C incubator with 5% CO 2 . On DIV4, neurons were fed via half media exchange with Neurobasal media containing 1% horse serum, GlutaMAX, and penicillin/streptomycin, 2% B-27, and 5 mM cytosine b-d-arabinofuranoside (AraC; Sigma-Aldrich). Neurons were fed every three days thereafter. Neuron transfection At DIV14, transfections were performed using Lipofectamine 2000 (Thermo Fisher Scientific) as described previously (Shepherd et al., 2006) . Immunostaining was performed 16 hr later. Immunocytochemistry At DIV15, transfected neurons were live-labeled for surface GluA1 receptors (Shepherd et al., 2006) . Neurons were washed twice at 10 C with 4% sucrose/1X phosphate-buffered saline (PBS; 10X: 1.4 M NaCl, 26.8 mM KCl, 62 mM Na 2 HPO 4 , 35.3 mM KH 2 PO 4 , pH 7.4), then incubated in anti-GluA1-NT diluted in MEM containing 2% GlutaMAX, 2% B-27, 15 mM HEPES (Thermo Fisher Scientific), 1 mM sodium pyruvate (Thermo Fisher Scientific), and 33 mM glucose at 10 C for 20 min. Neurons were then fixed for 15 min with 4% sucrose/4% paraformaldehyde (Thermo Fisher Scientific) in 1X PBS, then incubated in Alexa Fluor 555 (Thermo Fisher Scientific) to label only surface GluA1. Following this, neurons were permeabilized for 10 min with 0.2% Triton X-100 (Amresco) in 1X PBS, and blocked for 30 min in 5% normal donkey serum (Jackson ImmunoResearch) in 1X PBS. Neurons were then incubated with rabbit anti-Arc antibody (Synaptic Systems), diluted in block for 1 hr at RT, washed 3 3 5 min in 1X PBS, and incubated in secondary antibody (Alexa Fluor 488; Jackson ImmunoResearch) diluted in block for 1 hr at RT. Neurons on coverslips were mounted on glass slides in Fluoromount (Thermo Fisher Scientific) and dried overnight at RT. Neuron imaging and analysis A total of 15 transfected and untransfected neurons were imaged at 60X on an Olympus FV1000 confocal microscope (Tokyo, Japan). GluA1 immunostaining was analyzed using ImageJ software. The most intense immunostaining was used to set an arbitrary pixel intensity threshold, which was applied to every image in the experiment. Integrated density of each puncta in two 25-mm dendrite segments/neuron was measured and summed to obtain a total integrated density of the puncta on the dendritic segment. High-content AMPA receptor trafficking assay Primary hippocampal neurons were prepared as stated above and plated in 96-well microplates (Molecular Probes) at a density of 20,000 cells per well. Neurons were fed as previously described (Corrê a et al., 2009) . At DIV 14, neurons were treated with 2 mM TTX (Tocris) for 4 hr. Following treatment, neurons were cooled to room temperature and incubated with a 1:150 dilution of anti-GluA1 (Millipore, MAB2263MI) or anti-GluA2 (Invitrogen, Clone 6C4) antibody prepared in conditioned media. Neurons were incubated for 20 min at room temperature to allow antibody binding. Samples were washed 3 times with room temperature Neurobasal medium (GIBCO) and then treated with vehicle or 100 mm DHPG for 10 min. After 10 min, DHPG was washed out and neurons were fixed with follows: 50 C for 2 min, 95 C for 2 min, then 40 cycles of 95 C for 15 s and 60 C for 1 min. Cycling was followed by melt curve recording between 60 C and 95 C. Primer standard curves were performed to estimate the PCR efficiencies for each primer pair. Cycle threshold (Ct) values were determined by the StepOne Plus software and adjusted manually. All qPCR reactions were run in duplicate (for analysis of P60 mice) or triplicate (for analysis of Barnes maze trained mice). A mean C t value was calculated for each primer pair and each experimental condition. Relative quantification of Arc and Grm5 mRNA was performed using the 2 -DDCt method (Livak and Schmittgen, 2001) . Data were normalized to the geometric mean of GAPDH and/or GPI (Glucose-6-Phosphate Isomerase) and presented as expression relative to a standard condition as indicated in the figure legends. Primer sequences are as follows: Arc-L tgttgaccgaagtgtccaag; Arc-R aagttgttctccagcttgcc; mGluR5-L cagtccgtgagcagtatgg; mGluR5-R gcccaatgactc ccacta; GAPDH-L ggcaaattcaacggcacagt; GAPDH-R gggtctcgctcctggaagat; mGPI-L agctgcgcgaactttttgag; mGPI-R tatgcccatgg ttggtgttg.
Mouse behavior
Behavior cohort For behavior experiments, 12 WT and 12 ArcKR mice were used. Mice were sex balanced and housed separately by sex in groups of 4 (2 animals per genotype). No deaths occurred throughout the course of all behavioral studies. All behavioral tests were performed with the experimenter blinded to genotype. Rotarod 8-week-old mice were tested for motor coordination and learning on an accelerating rotarod (Ugo Basile, Stoelting). For the first test session, mice were given three trials, with 45 s between each trial. Two additional trials were given 48 hr later. Rpm (revolutions per min) was set at an initial value of 3, with a progressive increase to a maximum of 30 rpm across 5 min (the maximum trial length). The latency to fall from the top of the rotating barrel was recorded.
Open field test Exploratory activity in a novel environment was assessed in 8-week-old mice by a one-hour trial in an open field chamber (41 cm x 41 cm x 30 cm) crossed by a grid of photobeams (VersaMax system, AccuScan Instruments). Counts were taken of the number of photobeams broken during the trial in five-min intervals, with separate measures for locomotion (total distance traveled) and rearing movements. Time spent in the center region of the open field was measured as an index of anxiety-like behavior. Elevated plus maze The elevated plus maze was used to assess anxiety-like behavior, based on a natural tendency of mice to actively explore a new environment, versus a fear of being in an open area. Mice (7-week-old) were given one five-min trial on the plus maze, which had two walled arms (the closed arms, 20 cm in height) and two open arms. The maze was elevated 50 cm from the floor, and the arms were 30 cm long. Mice were placed on the center section (8 cm x 8 cm) and allowed to freely explore the maze. Measures were taken of time spent in, and number of entries into, the open and closed arms of the maze.
Marble-burying assay
To measure anxiety-like behaviors, 11-week-old mice were placed in a Plexiglas cage located in a sound-attenuating chamber with ceiling light and fan. The cage contained 5 cm of corncob bedding, with 20 black glass marbles (14 mm diameter) arranged in an equidistant 5 X 4 grid on top of the bedding. Subjects were given access to the marbles for 30 min. The number of marbles buried (defined by two thirds of the marble being covered by the bedding) was measured. Novel object recognition test Mice (22-week-old) were habituated in a Plexiglas cage containing 2 cm of corncob bedding for 30 min. 24 hr later (Acquisition phase), two of the same objects were placed in the same habituated cage containing 2 cm of corncob bedding. Mice were allowed to explore both objects for a total of 30 min. 24 hr later (Trial phase), one of the objects was replaced with a novel object and mice were allowed to explore both the familiar and novel object for a total of 30 min. Measurements of time spent with each object were scored during min 2 through 12 of the acquisition and trial phase. The Novel Object Recognition Index was calculated as the (Time spent with novel object/(Time spent with novel object + Time spent with familiar object)). Object interactions were defined as active interaction with the object where the mouse's nose was at least 1 cm pointed toward the object, time spent interacting/touching, and active sniffing of the object. Rearing on the objects was not scored. Exclusion criteria was set for <30 s interaction with both objects during the acquisition phase. One WT and two ArcKR mice did not meet the criteria and were excluded from the analysis. Barnes maze test WT (24) and ArcKR male mice (27) aged 21-25 days were tested. Out of these 5 WT and 6 ArcKR mice were trained for 1 day, 5 WT and 7 ArcKR mice were trained for 15 days and 19 WT and 14 ArcKR were trained for 20-21 days. Spatial learning was assessed using a modified circular Barnes maze that measured 1 m in diameter, was situated 1 m from the floor, and contained 20 5-cm holes that were evenly spaced (5 cm) around the perimeter. The maze was positioned centrally within the lab, with surrounding equipment and architectural features kept in fixed positions, to act as spatial cues for learning. The maze contained an 'exit' box positioned under one of the holes and a ''fake'' box (incorporated to mimic light reflection from the exit box but with no depth) under another. The exit hole was randomly assigned on the first day and maintained in this position for 15 days for the ''exit'' box prior to the 180 shift (see below) and for the remaining 5-6 days of training. Each day, mice were randomly placed in the center of the maze, released, and allowed to
